Background In North America, a two-stage exchange arthroplasty remains the preferred surgical treatment for chronic periprosthetic joint infection (PJI). Currently, there are no proper indicators that can guide orthopaedic surgeons in patient selection for two-stage exchange or the appropriate conditions in which to reimplant. Questions/purposes To identify (1) the rate of recurrent PJI after two-stage exchange and (2) the role of 15 presurgical and 11 operative factors in influencing the outcome of two-stage revision. Patients and Methods From a prospective database we identified 117 patients who had undergone two-stage exchange arthroplasty for PJI of the knee from 1997 to 2007. Failure of two-stage revision was defined as any treated knee requiring further treatment for PJI. We identified 15 presurgical and 11 surgical factors that might be related to failure. Minimum followup was 2 years (average, 3.4 years; range, 2-9.4 years). Results Thirty-three of 117 reimplantations (28%) required reoperation for infection. Age, gender, body mass index, and comorbidity indices were similar in both groups. Multivariate analysis provided culture-negative (odds ratio [OR], 4.5; 95% confidence interval [CI], 1.3-15.7), methicillinresistant organisms (OR, 2.8; 95% CI, 0.8-10.3), and increased reimplantation operative time (OR, 1.01; 95% CI, 1.0-1.03) as predictors of failure. ESR and CRP values at the time of reimplantation and time from resection to reimplantation were not predictors. Conclusions Our observations suggest the failure rate after two-stage reimplantation for infected TKA is relatively high. Culture-negative or methicillin-resistant PJI increases the risk of failure over four-and twofold, respectively. We identified no variables that would guide the surgeon in identifying acceptable circumstances in which to perform the second stage.
Introduction
Two-stage exchange arthroplasty has become the preferred method of treatment for periprosthetic joint infection (PJI) in North America [3, 8, 11, 15, 16, 18-20, 24, 32] . The procedure entails removal of all infected tissue, hardware, and all foreign material and insertion of either a static or dynamic antibiotic-impregnated spacer during the first stage, so-called resection arthroplasty. The patient is then given a course of antibiotic treatment, usually for 6 weeks, to treat underlying osteomyelitis followed by reimplantation of the new prostheses whenever appropriate [14, 15, 17, 20] . Although two-stage exchange arthroplasty controls infection in 67% to 91% of cases [14, 15, 25, 26, 30, 33, 34] , some failures still occur. Many factors, at least theoretically, can influence the outcome of two-stage revisions, including but not limited to the patient's health, history of surgeries, underlying medical conditions, bone stock, soft tissue integrity, and organism virulence and resistance profile. One of the major issues in surgical treatment of PJI is which factors, if any, can be used to guide surgeons to proceed with reimplantation, thus minimizing recurrence. Surgeons managing PJI usually use serum markers, namely erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP), to guide reimplantation [5, 12, 14, 15] . Most surgeons prefer that the ESR and CRP return to normal before proceeding with reimplantation [12] . Additional factors are also taken into account before proceeding with reimplantation, which include satisfactory healing of the wound. Aspiration of the joint, especially for infected TKA, is also routinely performed in some institutions [26] . The aforementioned are the only factors available that can guide the surgeons in determining the appropriate timing of reimplantation. However, new evidence suggests that ESR and CRP are poor prognostic indicators for successful reimplantation [12, 22] .
The present study was conceived to (1) determine the rate of PJI eradication with two-stage exchange arthroplasty for infected TKA; and (2) assess the predictive value of multiple variables that influence the outcome of two-stage exchange arthroplasty.
Patients and Methods
From our prospective database we retrospectively identified 176 patients who underwent planned two-stage exchange from 1997 to 2007. Of these, 137 patients had the secondstage revision, which involved both first-stage resection and then second-stage reimplantation. Sufficient followup was defined as a minimum of 2 years, until failure of the prostheses, or recurrence of infection. Twenty patients had not reached the minimum followup and hence were excluded. The final cohort included 117 patients. The mean age of patients at the time of presentation with PJI was 67.5 years (range, 37-88 years); 55 (47%) were female. The average body mass index was 32.6 kg/m 2 (95% confidence interval, 30.8-34.2 kg/m 2 ). Sixty-one (52.1%) were on the right side. We defined infection as meeting one of the following four criteria: (1) positive pre-or intraoperative fluid and/or tissue culture; (2) presence of purulence in the joint; (3) presence of sinus tract communicating with the joint; or (4) elevated serology (ESR greater than 30 mm/hr and CRP greater than 1 mg/dL) [7, 12] . Mean followup was 3.8 years (range, 2-9.4 years). We obtained prior approval from our Institutional Review Board.
These patients underwent two-stage revision by multiple different surgeons. The first stage of the two-stage exchange consisted of prosthetic resection, thorough débridement of the infected joint, and placement of an antibiotic-loaded cement spacer. The spacer was static versus dynamic at the discretion of the treating surgeon. It is standard at this institution to use 3 g vancomycin and 3.6 g tobramycin per 40 g of cement. After resection, the patient was treated with 6 weeks of intravenous antibiotics with a subsequent antibiotic holiday (2-6 weeks), after which the patient was assessed with a clinical examination, repeat inflammatory markers, and/or joint aspiration with culture. Reimplantation was performed when deemed appropriate by the treating surgeon. At the time of reimplantation, antibioticloaded cement (1.2 g tobramycin and 1 g vancomycin per 40 g of cement) was used for fixation of the prosthesis.
Patients were seen in the office for routine followup, which includes a 2-week postoperative visit, 6 weeks, and subsequently varied based on how the patient was doing clinically during these initial visits (fevers, pain control, wound drainage). Routine ESR and CRP were taken to follow these patients as well as joint radiographs obtained at each office visit.
We divided the population into two groups, failed and successful two-stage revision. Successful two-stage was defined as one that did not require a reoperation (including irrigation and débridement with prosthesis retention and repeat resection). The need for subsequent reoperation was identified in the institutional prospective infection database. Additionally, followup without reoperation was verified in standard clinic visits. If such clinic visits had not been made in the minimum followup time period, the patient was contacted by phone to ensure that they had not obtained treatment for recurrent PJI unknown to their treating surgeon. From this division of the two groups, we obtained the failure rate after complete two-stage revision for treatment of PJI of the knee.
Multiple potential predictive variables were collected for comparing the two cohorts. The preoperative characteristics of the patients included age, gender, body mass index, Charlson Index [6] , American Society of Anesthesiologists (ASA) classification score [23] , history of smoking, and whether the patient had previous two-stage or irrigation and débridement for PJI in the affected joint. The preoperative serologic tests and the result of joint aspiration also were recorded. The surgery-related information involved the first-stage intraoperative data (operative time, results of tissue culture, infecting organism resistance, surgical appearance), interstage data (irrigation and débridement performed, serology, joint aspirate), and second-stage intraoperative variables (time to reimplantation, operative time, surgical appearance, results of tissue culture).
We performed comparative statistical analysis on all variables to identify differences between the two cohorts. For continuous variables, a Student's t-test was used and chi-square analysis of a two-by-two contingency table was used for binomial variables. These results are reported with the number of nonmissing values for each variable. Subsequently, to identify independent predictors of failure, multivariate logistic regression was performed. All variables were included in the logistic regression analysis so as not to miss any possible interactions that may show a relationship unseen in univariate analysis. As a result of the relative complexity of the data set (high number of variables, missing data, nonlinear relationships between variables), multivariate logistic regression has its limitations. Therefore, a secondary analysis using recursive partitioning, an algorithm that extracts decision trees from data, was performed. This analysis provides a classification tree stratifying risk of failure of treatment and provides a unique representation of risks for failure and offers validation of the findings from the traditional multivariate analysis. Only variables with less than 10% missing values (Table 1) were included in the multivariable and recursive partition analysis to not further limit the sample size. For each variable, it was confirmed that data were missing at random using a chi-squared analysis. Statistical analysis (Fig. 1) with a positive predictive value of 60% and a negative predictive value of 83.3%. This model is based on purulence, culture results, and interstage serum white blood cell (WBC) count.
Discussion
Despite being considered the preferred method of treatment for PJI in North America, an unacceptably high failure rate may be observed after two-stage exchange arthroplasty. The combined failure rate in the multiple studies reviewing the results of two-stage reimplantation to date was 18%, which includes a wide range from 9% to 33% [14, 15, 17, 26, 33, 34] . The purpose of our study was to evaluate those factors that may influence success or failure of a two-stage exchange resection arthroplasty.
The study does have some limitations. First, all patients were treated at a single tertiary care referral center; thus, the potential for selection bias cannot be excluded. For example, this institution frequently cares for patients who had previous episodes of PJI and received surgical treatment at a different facility and are only referred to our institution for further management. Second, because it was retrospective, we did not routinely collect other data such as synovial cell count and neutrophil differential that may have been important metrics for timing of reimplantation. Third, although the sample size in our study is relatively large, some predictive variables may not have been significant and multivariate analysis was imperfect because of the limited sample size. Attempts to mitigate the sample size limitations included the use of two multivariate statistical methods to identify the strongest predictors of failure. Fourth, multiple surgeons and infectious disease physicians treated these patients. Hence, despite the presence of standard protocols, individualization of care existed that may have introduced additional variability and potential bias. Our observations show a failure rate after two-stage exchange arthroplasty for infected TKA of 28%. This is markedly higher than most previous studies with some reporting near 100% success [31] . It is hypothesized the most important reason for this difference is the definition of success versus failure. We defined failure as the need for an additional reoperation after two-stage exchange arthroplasty. Thus, need for further irrigation and débride-ment despite retention of the prosthesis placed during the second stage of reimplantation was considered a failure. Most studies define failure as need for removal of prosthesis [11, 14-18, 20, 24] . In a multicenter study, Mittal et al. demonstrated an overall 24% failure rate after twostage revision for periprosthetic knee infection. They emphasized that most of the knees that failed reimplantation (five of nine) were reinfected with different organisms and hence were not considered as failures of the initial twostage exchange arthroplasty [25] .
It was previously demonstrated that presence of purulence around the infected TKA is a major predictor of failure if the surgeon retains the prosthesis as found in this investigation [27] . Purulence is a marker of established infection, tissue devitalization, and a higher likelihood of extension into the prosthesis-bone interface. It is also possibly an indicator for more virulent bacteria. For example, some bacteria such as Staphylococcus aureus produce virulence factors (adhesions), which allow bacteria to penetrate, remain within, and infect joint tissues. Therefore, the presence of purulence at the time of resection indicates larger tissue involvement and mandates more aggressive débridement. In addition, the presence of purulence predicts the antibiotic sensitivity of methicillinresistant S. aureus [9] . This finding may be helpful in the selection of appropriate empiric antibiotic therapy before the culture result and in culture-negative PJI. Multivariate and recursive partitioning analysis indicated that PJI resulting from methicillin-resistant bacteria were at increased risk of recurrent infection after two-stage exchange. Several previous studies suggest joint irrigation and débridement with prosthesis retention for acute periprosthetic knee infection caused by antibiotic-resistant organisms carries a high failure rate [2, 21, 27, 30] . Several other studies showed a high failure rate of two-stage revision in treating infected TKA involving resistant organisms. Kilgus et al. reported that among patients with infected TKA, those with resistant Staphylococcus had a higher failure rate compared with those infected with sensitive bacteria (82% versus 11%). However, they did not control for the type of surgical procedure used for treatment of PJI [21] . As well, both multivariate and recursive partitioning analysis indicated that in PJI cases in which the pathogen could not be elicited (culture-negative), the risk of failure was increased over fourfold. This increased risk may be the result of a failure to identify a more virulent pathogen or a nonstandard pathogen such as fungal PJI [1] resulting in ineffective treatment. Berbari et al. conflict with these findings in reporting high success rates of two-stage exchange for PJI in patients with negative tissue cultures [4] . Several studies have demonstrated that diabetes, obesity, smoking, presence of inflammatory arthritis, and preexisting cardiac disease (coronary heart disease or heart failure) predispose patients to a number of complications, including reinfection [7, 10, 13, 27, 28, 35] . These comorbidities are considered a systemic compromising factor in the staging system for PJI. Therefore, at least theoretically, increases in the indices (ASA and Charlson) representing these comorbidities should increase the probability of reinfection. However, ASA and Charlson Index were not associated with treatment failure. It is believed that the small sample size in this study limits the ability to make a firm conclusion regarding this association. Because both culture-negative and methicillin-resistant PJI were identified as predictors of failure by logistic regression and recursive partitioning analysis, it appears that the association is strong. The case is less strong for interstage WBC count and operative time; however, these associations are not without merit. The predictive value of operative time has been implicated before and may be representative of the increased exposure time, increasing the risk of surgical field infection [29] . The modeled risk-tree implies that interstage WBC count less than 7.5 is predictive of failure. Although this appears counterintuitive, it may be representative of an immunocompromised state. This was the only significant factor during the interval between resection and implantation that predicted the outcome of two-stage revision. In addition, interstage ESR and CRP values were not different between failure and success groups. One may attribute this to a Type II error; however, it was previously reported that serologic markers cannot be used alone in guiding the surgeon in appropriate timing of reimplantation [12] . It is suggested that the treating surgeon rely on a combination of clinical and laboratory factors to determine timing of reimplantation.
In conclusion, two-stage revision is associated with a considerable failure rate (28%) when reinfection and/or recurrence are taken into account as failure. Current protocols remain imperfect to address PJI. With the knowledge of risk factors for failure, newer modalities and strategies are needed to improve the management of infected TKA. Further investigations with sufficient statistical power are needed to identify variables that are important in guiding surgeons to select appropriate timing and conditions for reimplantation.
